Introduction
The immune response of jawed vertebrates is an inducible, highly specific defense mechanism that is characterized by an enormous diversity in recognition capacity. This allows responses to potential pathogens that have never been previously encountered in the evolution of the species. The molecules that carry out the specific recognition of antigen are glycoproteins termed immunoglobulins (Igs) or T-cell receptors (TCRs) that occur as heterodimers consisting of pairs of light and heavy chains (Igs) or a/|3 or 7/8 TCR chains (Kabat et al, 1991) . These molecules are homologous members of the same family that express variable (V) and constant (C) domains, with the V/V pairs containing the combining site for antigen and the C domains involved in dimerization and effector function. The genes specifying each chain comprise individual multigene families which, in mammals, contain large arrays of variable segments (50-300), 1-10 diversity segments (heavy chains, TCR 3 chains), a set of joining (J) segments, (a few for Igs, but as many as a 100 for TCR a chains), and a few constant domains (1 for K light chains, approximately 10 for the heavy chain translocon). Individual sequence diversity and commitment of a B or T cell to differentiation into an antigen-specific immunocyte (B or T cell) results from the recombination of a V, D, and J element to form a complete variable region for surface expression with an appropriate constant region. Since Igs and TCRs exist as heterodimers, further amplification of recognition capacity is contributed by the selection of the partner chain; for example, if there are 5000 possible complete V H (VDJ) segments and 1500 possible complete V K (VJ) segments, there are 7,500,000 possible V H /V K combining sites that can be formed. This calculation illustrates the magnitude of individual combining sites that can be generated, but is an underestimate because other mechanisms including somatic mutation and junction diversification within the D and J segments contribute additional possibilities. We will summarize recent evidence to illustrate that the fundamental genetic mechanism allowing the combinatorial diversification of antibody occurs in all jawed vertebrates, and is clearly present in representatives of the most primitive of living gnathastomes, the sharks.
Early in the course of biochemical studies of Igs, Hill and his associates (Hill et al, 1966) made the seminal discovery that V and C domains of light and heavy chains were homologous to one another and proposed a scheme for the evolution of Igs based upon their derivation from a domain size precursor of approximately 110 residues. Attempts to gain an understanding of the 'big picture' of the evolution of Igs required the application of recombinant DNA technology. We will review recent data showing that clearly defined homologs of light chains (Schluter et al, 1989; Shamblott and Litman, 1989a; Greenberg et al, 1993; Raster al, 1994; Hohman etal, 1995) , heavy chains (Kokubu et al, 1988a,b; Vazquez et al, 1992; Shen et al, 1996) , and TCRs (Rast and Litman, 1994) are present in the most primitive of jawed vertebrates. In addition, sharks contain an additional class of Ig having many of the properties expected of the primordial Ig (Bernstein et al, 1996b) as proposed by Hill et al. (Hill et al, 1966) . Overall, the data obtained on the evolution of Igs, and their close relatives the TCRs, supports the concept that approximately 450 millions years ago (coincident with the origins of ancestral vertebrates) a 'big bang' (Marchalonis and Schluter, 1990a) of gene duplication occurred which, coupled with the addition of DNA processing enzymes facilitating recombination (Greenhalgh et al, 1993; Bernstein et al, 1994 Bernstein et al, , 1996a , generated the combinatorial immune response typical of vertebrates.
Preconditions for expression of the combinatorial immune response
Attempts to delineate relics of initial steps in the combinatorial immune response by investigating lower deuterostomes such as echinoderms and tunicates (Klein, 1989; Marchalonis and Schluter, 1990a,b; Smith and Davidson, 1992) and even the most primitive living vertebrates, the agnathan cyclostomes as represented by lampreys and hagfish, have thus far been inconclusive. Although a number of workers have described antibody-like molecules in cyclostomes (Marchalonis and Edelman, 1968; Litman etal, 1970; Raison etal, 1978) , definitive structural studies or gene characterizations have not been published. Lampreys and hagfish have, however, been shown to possess molecules clearly related to complement components of higher vertebrates (Hanley et al, 1992; Nonaka and Takahashi, 1992) .
The definitive characteristic of the vertebrate immune response is the combinatorial rearrangement of gene segments to provide the enormously diversified arrays of recognition molecules. RAG1 is an essential component of the recombination process. We have isolated genes from ancient organisms that Phylogenetic radial tree analysis showing the relationships of variable region domains from lmmunoglobulins and T-cell receptors. The tree was constructed using the computer programs CLUSTALW (Thompson et al., 1994) which uses the neighbor joining method (Saitou and Nei, 1987) , and DRAWTREE (Felsenstein, 1996) . Bootstrapping was performed 10,000 times. Amino acid sequences derived from gene sequence were used in the analysis. Sequences are available from the GenBank database, except sandbar shark VH sequences (Shen et al.. 1996). specify the recombinase activating gene 1 (RAG-1) using evolutionary PCR with primers based upon conserved peptide segments (Bernstein et al., 1994) . These primers allowed the isolation of highly homologous partial gene segments from Carcharhine sharks, the paddlefish (a chondrostean), the axolotl (an amphibian), the goldfish (a teleost), and the pig (Bernstein et al., 1994) . RAG-1 from in the bull shark, Carcharhinus leucas (Bernstein et al., 1996a) , consists of 1112 amino acid residues that can be arranged into six domains expressing degrees of identity to human varying from less than 20% to greater than 80%. Thus, there is no question that the most primitive of living jawed fishes as represented by sharks possess the genetic machinery essential for the expression of the combinatorial immune response. An extremely interesting homology between a segment of the shark RAG-1 and members of the bacterial integrase family of site specific recombinases possibly provides a significant clue to the function of the molecule. Since RAG-1 works in association with RAG-2 in the recombination of immunoglobulin genes (Schatz et al., 1992) , we analyzed RAG-2 for homology to integration host factors (IHF) which act in association with integrases in microbial systems. There was sufficient homology between RAG-2 and IHF (Bernstein et al., 1996a) to suggest that vertebrate recombinase activating genes and bacterial site specific recombinases share common ancestry and have a similar mechanism of action. We and others have tried these same PCR primers, that have worked successfully in all gnathostome vertebrates, to clone homologs from agnathans and lower deuterostomes with no success. Thus, the apparent sudden appearance of the RAG gene system in the jawed vertebrates may have been due to a lateral transfer of microbial genes prior to 400 million years ago as was first suggested by Schatz et al. (Schatz et al., 1989) .
Igs of gnathostomes
Igs and TCRs comprise a family of antigen specific recognition molecules showing greater than 30% identity to one another when compared throughout the group of jawed vertebrates (Marchalonis and Schluter, 1989) . Neither they nor the recombination mechanisms necessary for their generation (Klein, 1989; Bernstein et al., 1994; Thompson, 1995 ) have yet been found below the phylogenetic level of Chondrichthyian fishes. However, the combinatorial immune system is essentially complete at this lowest level of extant jawed vertebrates be- (Marchalonis et al., 1984 (Marchalonis et al., , 1994 and hemolin (Sun et al., 1990) were included in the analysis. The tree was constructed using the progressive alignment procedure of Feng and Doolittle (Feng and Doolittle, 1990) .
cause the genes necessary for combinatorial rearrangement and expression of bona fide Ig family members occur in broad profusion in diverse members of this vertebrate class (Marchalonis and Schluter, 1990b; Greenhalgh et al., 1993; Bernstein et al., 1994) . The distinctions between variable and constant domains, light chains and heavy chains, and TCRs were firmly established by the advent of the cartilaginous fishes. Figure 1 is a phylogenetic tree that illustrates the clustering of variable domain sequences of light chains, heavy chains, and TCRs of elasmobranchs and various higher vertebrates. In addition to V H domain sequence, data are included for the V domain of the sandbar shark w heavy chain, a recently discovered molecule (Bernstein et al., 1996b; Greenberg et al., 1996) which has six C H domains and a new set of variable domains related to, but distinct from, those of traditional |x chains. This molecule has properties expected of the primordial Ig (Hill et al., 1966) or heavy chain in that it shows closer homology in comparison of its V and C domains to one another than do the |x heavy chains or \-like light chains in the same species. In this diagram, the heavy chains clearly form a cluster distinct from that of the light chains and TCRs and the V w domains can be used to root the V H groupings. It is interesting that a horned shark V H domain which is the V H II set as defined by Litman and his colleagues (Hinds-Frey et al., 1993) clusters with the V w domains. We have defined this grouping as the primordial V H set. The other shark V H domains form a distinct group with human V H III and amphibian, mouse, and rabbit V H structures. Identities between Vp and VL sequences are shaded and alternate identities are boxed. The framework (FR) and complementarity determining regions (CDR) are positioned according to the human V\ sequence (Kabat et al, 1991) . 
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Hu VHIII GQVLYYGSGSYHWFDPWGQGTLVTVSS SbSVH VRSSSVAKGTGDWGQGTMVTVTT SbS V(0 GEYEYSTPFDYWGSGTFVEVTS Fig. 4 . Comparative alignment of heavy chain V regions of humans (Hu) (Kabat et al., 1991) , and the sandbar shark (SbS) (Bernstein et al., 1996b; Shen et al., 1996) . Identities are shaded. The framework (FR) and complementarity determining regions (CDR) are positioned according to the human sequence.
We consider these shark domains to belong to an 'archaic' V H set that also includes some teleost fish V H domains as defined by Andersson and Matsunaga (Andersson and Matsunaga, 1995) . The TCR domains can be considered either to form a cluster distinct from that of true light chains, but closely related to it, or to provide the base of the Light chain grouping. The VX like domains of raffish (Hydrolagus), skate (Raja), and sandbar shark (SBS) form a cluster of their own that branches off from human V\. We would emphasize that the phylogenetic relationships generated here must be considered approximate because each of these V domain sets represents a large diverse multigene family. The fact that such schemes can be generated results from the conservation of residues essential for proper folding to provide a basis for domain/domain interaction and for the stabilization of combining sites for antigen. Figure 2 is a dendrogram depicting the relationships among Ig constant domains of light chains and TCRs compared with the most V-region-distal domains of heavy chains (e.g., the third constant domain of the 7 chain and the fourth constant domain of the (i chain) and the IgC-like domains of MHC products and the inducible Ig-superfamily molecule of the cecropia moth (Hemolin). The actual identity between hemolin domains and that of traditional Ig C regions is less than 20% which is indicated by the distance in this diagram. The MHC domains and human (32 microglobulin form a separate cluster that shows the expected separations into Class I and Class II, distinctions between a and (3 chains, and phylogenetic discrimination within the clusters. Heavy chains and light chains form separate groupings within the Ig constant domains and the TCR chains map as an early offshoot of the light chains. The sandbar shark C\ clusters with the CX group, and K light chains of mammals and amphibians form their own grouping. In addition to the X-like light chains of sharks (Schluter et al, 1989; Hohman et al, 1995) , the horned shark has a separate type apparently restricted to Chondrichthyians (Shamblott and Litman, 1989a) , and the nurse shark has a K-like light chain (Greenberg et al, 1993) . All of these individual light chain types are found in sharks, but the relative proportions vary in different species. For example, X-like light chains comprise the major group of families in Carcharhine sharks, while the major light chain type in the nurse shark is K like, and that of the horned shark is 'horned shark like' (termed V L I by Rast et al, 1994) .
As was first predicted by Singer and Doolittle (Singer and Doolittle, 1966) and shown by Hill et al (Hill et al, 1966) , V H and V L are as homologous to one another as are the V domains to the constant domains. Figure 3 shows a comparative sequence alignment of the complete V domains (V/(D)/J) of light chain like Igs as represented by the type I TCR V(3 chains of humans (Kabat et al, 1991) , a homologous V(3 of the homed shark (Rast and Litman, 1994) , a human VX5 domain that has been completely characterized in terms of sequence and 3-dimensional structure (Edmundson et al, 1976) , a murine VK domain (Kabat et al, 1991) , and a sandbar shark VX structure (Hohman et al, 1992) . This diagram illustrates common features of the Ig variable domain. All of the sequences can be readily mapped into framework (Fr) and complementarity determining regions (CDR) by homology with the human VX5 molecule. In 3-dimensional folding, the frameworks form the scaffolding allowing the molecule to have a conformation necessary for VL/VH interaction and provide stabilization for the CDRs that contain the contact residues in antigen recognition. In general, the Frs contain (3 band structure and CDRs consist of regions of various structures forming loops between (3 bands. Bona fide Ig family domains contain an internal disulfide bond formed between the cysteine at the end of Frl and the cysteine two residues N-terminal to the end of Fr3. The regions N-terminal to these cysteines are highly conserved in both positions and lie within (3 bands. By contrast, the residues C-terminal to these cysteines are involved in CDRs and show great variation. In both cases, the CDRs are terminated by highly conserved regions in the second and fourth Frs. These definitive characteristics are found in comparison of TCR (3 chains with light chains and also within these groups in a phylogenetic comparison between species comprising approximately 450 million years of divergence time. human (Hu) CX (Kabat et aL, 1991) , sandbar shark (SbS) CX (Schluter et al., 1989) , kuman CP (Kabat et al., 1991) , and horned shark (HnS) Cp (Rast and Litman, 1994) constant region sequences are shown. The position of p bands identified by x-ray crystallography of the human molecule (Edmundson et al., 1976) (Hohman et al., 1993 (Hohman et al., , 1995 S.Shen, unpublished observations) . In contrast, the translocon type pattern consists of large arrays of V region segments arranged in tandem with a limited number of (D), J, and C segments (Lai et al.. 1989; Cook and Tomlinson, 1995) . For each immunoglobulin polypeptide (e.g, heavy chain, X light chain, K light chain) there is only one functional locus tion in the heavy chains is striking and results from selective pressures to preserve residues necessary for proper folding and domain interaction. The Fr2 is highly conserved containing the Gly-Leu-Glu-Trp (GLEW) motif characteristic of heavy chains (see Figure 3 above for contrast witJi light chain). The third frameworks are initiated by the dipeptide Arg-Phe (RF) and contain the universally conserved aspartic acid (D) six residues N-terminal to the cysteine (C) and the Tyr-Try-Cys-Ala (YYCA) motif. The fourth framework contains the motif WGXGT with the next residue being uncharged or hydrophobic and shows subsequent conservation of hydrophobic residues. By contrast, the Fr4 in the light chain/TCR-type molecules has the motif Phe-Gly-X-Gly-Thr (FGXGT) with the next residue characteristically positively charged (either R or K). These motifs are preserved throughout the evolution of jawed vertebrates and are present in definitive form in living representatives of the most anciently emerged jawed vertebrates. Figure 5 gives a comparative alignment of C L -type domains including C\ and C|3 of humans and sharks. This figure includes the P bands defined by x-ray crystallography of the human molecule. Ig and TCR domains consist of two 3 pleated sheets, one made up of four f$ bands and the other comprised of three. Both variable and constant domains have this basic structure, but variable domains often have two extra (3 bands defining the second complementarity determining region. There is substantial homology within the 3 bands of these four domains, particularly in the 4-2 (B) band that is involved in forming die contact surface with either C H 1 or Cot, respectively. In addition, the sentinel tryptophan (W) that is 14 residues distal to the cysteine is uniformly conserved. The constant domains of human and shark X chains form extremely similar predicted 3-dimensional structures as illustrated by die similarity in p band size and sequence and length of intervening loops (Schluter et al., 1989) .
Genomic organization
The genomic organization of Ig genes that incorporates V, D (in some cases), J, and C individual recombining gene segments is essentially conserved throughout phylogeny. Despite diis conservation, however, there are a number of fundamental differences (Hinds and Litman, 1986; Kokubu et al., 1988b; Shamblott and Litman, 1989b; Hohman et al., 1993; Marchalonis et al., 1993) in the 'macro' (clustering or translocon) structure of Ig genes. These are illustrated in Figure 6 . The basic mammalian translocon system is exemplified by the K light chain gene. A large array of discrete V segments are separated from a small number of J segments which are followed in turn by a single C segment. The V region segments are flanked on their 3' end, and the J segments on their 5' end, by recombination signal sequences (RSS). The RSSs are the genomic signature elements that allow the lymphocyte's recombination machinery to specifically recognize and recombine the coding sequences. During the creation of an antibody gene, the V region is rearranged and fused to a small joining (J) segment. After rearrangement, the fused V(D)J segment is transcribed along witn a downstream constant (C) region gene segment which determines the isotype and thereby the effector function of the antibody. The intervening transcript is removed by mRNA splicing. This procedure is nearly identical for both antibodies and TCRs.
In the case of a shark heavy chain, the 'micro'-organization remains the same as stated for the mammalian system, that is, V segments rearrange to D and I segments. The macroorganization, however, is radically different. A single V region is grouped into a cluster model of organization, wherein you may find a V, followed by one or 2 D segments, followed by a single J segment which is nearly immediately followed by a C region (Kokubu et aL, 1988b; Shen et aL, 1996) . This system of organization seems to select for rearrangement within clusters as no evidence for rearrangement between any of the estimated 100-200 V(D)JC VH clusters is yet to be identified (Hinds-Frey et aL, 1993) . Interestingly, heavy chain clusters have also been found in fused and partially fused arrangements, that is, a V region is fused to a D segment in the genome (Shen et ai, 1996) . In the case of the sandbar shark light chain (Hohman et ai, 1993) , all genomic clusters are VJ fused in the germline, followed by a C region. This has led to speculation that the shark immune repertoire is limited, as the junctional and combinatorial diversity seen in higher vertebrates seems to only be partially utilized in the shark (Hinds and Litman, 1986) . However, in cDNA studies of shark light and heavy chain V-regions, high levels of diversity is always present, with no two identical sequences ever being recovered (Hohman et ai, 1995; Bernstein et ai, 1996b; Shen et aL, 1996) .
Conclusions
The genetic elements necessary for production and diversification of Ig chains were established by the time of appearance of true-jawed vertebrates, although they appear to be lacking in extant agnathans. Within the gnathostomes there is striking conservation of key structural residues in light chains, heavy chains, and TCR. Thus, the functional structures of antibody and TCR proteins were stabilized by selection early in the evolution of vertebrates. The most profound distinctions between the Igs of sharks and mammals relate to the macroorganization of VHDHJHCH or VLJLCL genetic segments into individual clusters as opposed to extensive translocons. We tentatively consider the cluster organization to be the primordial one, but emphasize that cluster and translocon arrangements can occur within the same species (Daggfeldt et aL, 1993; Ghaffari and Lobb, 1993) , and that other mechanisms such as gene conversation acting upon modified translocons play major roles in chickens (Reynaud et aL, 1987 (Reynaud et aL, , 1989 , and rabbits (Becker and Knight, 1990) . Although the existence of Ig gene segments are ancient, their configuration continues to evolve by comparison between distinct vertebrate classes (e.g., sharks, birds, mammals) and even within classes (e.g., rabbits versus mice).
